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Table 111 

INDUCTOR VALUES 

Conductor Outer Inner 
width Space diameter diameter 

Substrate (mils) (mils) (inches) (inches) 

1 

2 

3 

4 
5 

Sub st rate 

10 10 0.4 0 

25 25 0.8 0 

35 15 0.8 0 

15 35 0.8 0 

10 10 0.6 0 

0.392 168 

0.392 168 

0.5u 105 

1.15 7k.5 

1.15 7L.5 

Actual 

0.487 86.8 

0.555 77.7 

0.602 74.7 

0.527 79 

1.56 48.2 

Q 
(30 mc) 

f, ac tua l  
f 0 theore t ica l  

A - Corning 0211 glass substrate. 

B - Englehard quarts; substrate. 
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I 

no apparent difference. 

c o i l  conductor. To increase the self-resonant frequency, t h e  spacing between 

conductors w i l l  be narrowed and the co i l  conductor length shortened. 

6.5.3 Inductor, 8, Values 

The overiding factor  seems t o  be the  length of the 

The dc resis tance of the co i l s  on 0211 glass  was 0.025 ohm per square. 

This could be improved by a factor  of 2.5 since 0.01 ohm per square i s  ach- 

ievable. 

The Qs obtained on the  quartz substrate were s l i gh t ly  greater since, on t h e  

first substrates,  the r e s i s t i v i t y  of the  two depositions (horizontal and 

v e r t i c a l  conductors) was different and, therefore, an attempt was made t o  

keep the r e s i s t i v i t y  of the eo i l  uniform throughout i t s  length. 

This, o f  course, means the  Qs could have been 2.5 times greater.  

The resis tance of the c o i l s  was measured a s  a function of frequency, 

The skin and the resis tance increased due t o  the skin-effect phenomenon. 

depth fo r  conduction a t  30 megacycles i s  approximately 12,000 agnstrome. 

Since the fi lms a r e  approximately 25,000 angstroms thick, the radio frequency 

resis tance begins t o  a f fec t  t he  Qs a t  30 megacycles. 

6.6 Conclusi sns  

A c o i l  of approximately 1.5 microhenries with a Q of 30 a t  30 mega- 

cycles seems presently feas ib le  i n  an area of 0.36 square inch and i s  cap- 

able of being formed wi th  the same vacuum-deposition techniques and materials 

presently being employed i n  monotronic c i rcui t ry .  

The self-resonant frequency of these c o i l s  i s  possibly sats i factory 

f o r  intermediate-frequency use a t  30 megacycles. However, the approaches 

previously discussed will be attempted t o  increase the self-resonant fre- 

quency t o  a s  high a value a s  possible. 
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The use of thick copper for 0.01 ohm per square  em to 3u8t 

allow for usable Q valueb. The surface area of the conductors must be kept 
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I .  I '  

7. HIGbMAGNETIC- PERMEABILI'PP FIINS 

7.1 Introduction 

The investigations of high-permeability materials i n  thin-film form are 

i n  the early stages. The i n i t i a l  efforts are directed toward the goal  of 

fabricating thin-film ferrites by stmdard vacuum-deposition techniques com- 

p le te ly  in vacuo. 

by the vapor deposition of the metal, o r  mixed metals fo r  bimetall ic or  trL 

The present techniques of forming this ferri te f i l m s  are -- 

metall ic compositions, in a) p a r t i a l  pressures of oqygen, or  b) as  metal 

films f o r  postoxidiation in air or oxygen atmospheres. 29930 The Method em& 

ployed here t o  vacuum deposit Fe 0 material in a vacuum of l ~ I . 0 ~ ~  torr has 

shown some degree of success, The method is t o  m i x  a small Dercentage of a 
3 4  

syahle and low-melting-temDerature oxide (B,O,) with the Fe 0 

t h i s  mixture i s  deposited from a tungsten boat on a substrate a t  elevated 

powder, '&en 
_I 3 4  

temperatures, the resul t ing f i b  exhibits some degree of magnetite structure,  

The data re la t ing  some of the physical properties of  the films to  the depo- 

s i t i on  parameters will be discussed. 

7 2 

7,2.1 Deposition Technique 

Film Structure of Vacuum-Deposited FeqC)IYBp3q MFxtures 

The resu l t s  of the Physical Electronics Laboratory i n  vacuum depo- 

s i t i n g  e l ec t r i ca l ly  s table  rare-earth borosi l icate  thin-film capacitors 

from metal boats31 indicated that a similar technique could be applied to 

the vacuum deposition of i ron  oxides, Therefore, Fe 0 (magnetite) was 

mixed with varying percentages of B 0 powder and deposited from a tungsten 

boat i n  pressures of about M O D 5  torr. 

3 4  

2 3  
It will be noted here t h a t  the 

vacuum-deposition techniques used throughout this phase are standard, and 
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normal operational procedures were used. %sed-silica substrates were used 

f o r  the preliminary investigations. 

It was found tha t  film result ing from a Fe 0 B 0 mixture of 95%-5% 3 I r - 2 3  
weight was optimum. A larger r a t io  of B 0 resul ted in films that were 

hydroscopic and l ight i n  color, whereas a lesser r a t i o  of B 0 resulted i n  2 3  
films tha t  were reduced metal (or  nearly so). Most of the film deposited 

were of the 95$-5% mixture. 

2 3  

To obtaln initial resu l t s  re la t ing to iron-oxide films, a reduced fi lm 

deposited from a 99%-l% mixture wa8 heated in air a t  120O0C for  2 hours and 

rapidly quenched i n  i ce  water. 

f i lm showed the Fe line a t  d 

hibited a predominantly red color w i t h  some degree of black appearance and 

The X-ray diffract ion pattern of the reduced 
0 

2.00A. The oxidized and quenched f i lm ex- 

the X-ray diffract ion pattern i s  shown in figure 23. 

show elemental iron, and the r e su l t s  a re  given in table  IV and cawpared with 

ASIM index cards. 

y-Fe 0 (tetragonal s t ructure)  were present. Several lines not agreeing 

with the known l ines  were present, but it is postulated t h a t  source im- 

pur i t ies  are  responsible as it w i l l  be pointed out la te r .  

The pat tern did not 

It was found t h a t  a- Fe 0 (rhombohedral structure) and 2 3  

2 3  

The films that were deposited on a substrate a t  200' t o  4OO0C did not 

exhibit diffract ion lines. 

o r  consisted of extremely small crystal l i tes .  The films tha t  were deposited 

on the substrates a t  20O0-4OO0C and annealed -- i n  s i t u  in  the vacuum of M O m 5  

t o r r  i n  a temperature range of 550' t o  75OoC did exhibi t  c rys ta l l ine  structure. 

The X - r a y  d i f f ract ion lines of  the Fe304 powder, and of the f i lm annealed 

f o r  15 minutes i n  vacuum a t  520°C, 65ooc, and 75OoC, are  shown i n  figures 

This indicated tha t  the f i l m  was either amorphous 
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Figure 23. X-ray Diffraction Pattern of Oxidized Fe Film 
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Table IP 

COMPARATIVE X-RAY DATA OF OXIDIZED AND QUENCHED Fe FIIMS 

#9A 
Y - F ~  0 (AS") 2 3  

a-Fe203 (ASTM) 

Rhombohedral Tetragonal 
0 0 

d, A I/I d?* VIo hkl d,! VIo hkl 
(em) ( R e p )  

3.95* S 

3.57* S 

2.65 M 

1.82 S 

1.67 M 

1.52' W 

2.69 S 104 

1.838 M 024 

1.69 M 116 

~ ~- 

3.72 n 
3.398 M 

2,634 w 
1.81 S 

1.699 M 

1.52 W 

210 

213 

310 

423 

k26 

523 

Note: 

S, Strong intensity 

M, Medium intensity 

W, Weak intensity 

sc, Lines not identified. 
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24, 25, 26, and 27 respectively. 

the ASTM l i nes  shown i n  table  V. 

c rys t a l  structure,  and the film tha t  was annealed a t  650'~ exhibited l ines  

that agreed with the rnagnitite l ines.  The f i l m  annealed a t  750°C exhibited 

magnitite l ines ,  but also lines t h a t  have not been studied fo r  ident i f icat ion,  

The l ines  are tabulated and campared with 

The film annealed a t  520°C showed a slight 

The accuracy of the l ines  determined by the X-ray diffract ion pat terns  

does not show complete agreement with the AS!M l ines ,  o r  even with the lines 

from the Fe 0 powder. 

the d l ines .  

0 
Variations have determined t o  be b . 0 6 A  i n  determining 3 4  

Some of the e r ror  i s  due t o  i n s t m e n t a t i o n  error,  b u t t h e  

la rges t  e r rors  are due t o  l i n e  broadening and s l igh t  displacement of the 

l ines  due t o  impurities i n  the Fe 0 powder. 

t o  magnitite Fe 0 are present; thus, the preliminary re su l t s  indicate  the 

However, the lines corresponding 3 4  

3 4  
technique of mked source materials (Fe 0 +B 0 ) may be sa t i s fac tory  fo r  3 4  2 3  
vacuum deposition of ferrites. 

7.3 Chemical Analyses 

The source material of Fe 0 wa8 analyzed for  cation impurity, The 3 4  
material  obtained from Fisher Scient i f ic  Co., Purified, was not cer t i f ied  

and other sources are  being sought f o r  greater purity. 

d i f f rac t ion  data of the powder (see table V) showed several unidentified 

l ines .  The chemical analyses of the Fe 0 powder are campared with the 

deposited f i lm and are shown i n  table V I .  

However, the X-ray 

3 4  

It is interest ing t o  note t h a t  the added B203 I n  the mixture did not 

increase the concentration i n  the film over the i n i t i a l  amount of boron i n  

the stock material. 

was noted f o r  Al,Ca,Co, N i ,  and Sn from the powder t o  the f i l m  composition. 

There was no increase of C r  and Mg, but an increase 
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Figure 24. X-ray Diffraction Pattern of Fe 0 Powder 3 4  
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Figure 25. X-ray Diffraction Pattern of Fe  0 -B 0 Film Annealed at 52OoC 
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for 15 Minutes 

79 



E1936 

. 
\ I ,  

* I .  

-7 I - 

I 

Y 



Figure 26. X-ray Diffraction Pattern of Fe 0 -B 0 Film Annealed at 65OoC 
3 4  2 3  for 15 Minutes 
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COMPAFl 

Fe 0 Powder 3 4  
0 

4.72 W 

4.09 w 

2.90 M 

2.49 S 

Table P 

TIVE KRAY DATA ON Fe304 MATWIA 

Magnitite, Cubic 

d,: I/Io hkl 

2.07 M 12.096 

1.69 W 

1.60 W 

1.h7 M 

1. 112 

1.62.4 

1.48 

F i h  #lo 

520'~ Anneal 

2.95 Il 

2.52 W 

1.99 w 

1.43* W 

s n  VARIOUS FORMS 

6Sooc Anneal ' 75OoC Anneal 
0 

4.85 W 

3.28" W 

3 . 4 "  w 
2 .86 M 

2.43 PI 

2 0 0 0  S 

0 
a,A I& 
bxp)  (Rei) 

4.57" w 

3.53* w 

2.79* W 

3&3* M 

2.86 S 

2.43 

2.16" W 

2.00 s 

1.80* W 

1.74 W 

1.69 w 
1.49 W 

1.42" W 

S - Strong intensity 

M - Medium intensity 

W - Weak intensity 

it - Lines not identified. 
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Elcm snt 

Al 

B 

Ca 

C r  

co 

Fe 

Ng 

Ni. 

Sll 

W 
L. 

Note t 

FT 

T 

W 

M 

S 

vs 
X 

Table V I  

CJ3ENICAL ANAUlSES OF Fe30b POWDER AND FIIM 

Fe 0 Powder 3 4  

FT 

W 

F!P 

W 

m 
vs 
W 

FT 

X 

x 

Concentration 

0.001-0 .OoS% 

0,005-0,0lss 

0.01-0.5% 

0.5-4.0% 

Major component 

Major component 

Searched, but not detected, 

Fe304 Hlm 

W 

W 

W 

W 

S 

VS 

W 

S 

FF 

X 

83 



The Go and N i  are major components with Fe. This means t h a t  the fi lm may 

be a mixture of magnitite and bimetallic and t r imeta l l ic  f e r r i t e s .  

more detai led study of  the films i s  required, 

Thus, 

An inportant r e su l t  shown i n  table V I  is  tha t  tungsten was specif ical ly  

sought since i t  was the crubible material, The resu l t s  were negative, which 

meant t h a t  the mFxture of Fe 0 and B 0 was unaffected by tungsten, A 3 4  2 3  
tantalum crucible reduced the mixtures  and was dissolved by the molten iron, 

7.4 p e c t r i c  and Magnetic Properties o f  Vacuum-deposited Fe 0 B 0 I 4 3 x t k s  

The electr iealmagnet ie  properties of the vacuum-deposited films of the 

3 4 - 2 3  

Fe 0 -B 0, mixtures were investigated t o  a limited extent. 

t ha t  the main e f f o r t  during the f irst  quarter was t o  do a l i t e r a t u r e  search 

on the method3 of previous methods of forming thin-film fe r r i t e s ,  and then t o  

The reason was 3 4  2 s  

apply the capabi l i t ies  of Melpar f o r  the vacuum deposition of Jerr i l  films 

The Z i k q  were deposi%ed i n  a configuration of 2 cm on an edge, i.e,, 
2 an area of 4 an 

cornpositSon and structlrre. 

The resistances of the films should be related t o  the fi lm 

Howwee, the exaetness of the relationship can- 

not be ascertained because of the impurity concentration deviations from 

stioo%damstry and degree of crystal l ini ty ,  

was measured i n  ohmslsq. 

nary in@.ics$ions do not  warrant postulating an optimum annealing temperature 

The r e s i s t i v i t y  of the films 

The results are shown in  tab le  VII. The p r e l h i -  

and source mixture. These conditions cannot be optimi5ed wit1 Fe 0 of 

higher pur i ty  can be obtained, Rowrsver, i n i t i a l  resu l t s  indicate t h a t  a 

Ins$ B 0 t o  99-9.5% Fe304 mix&ure annealed a t  &ooc appears t o  be optbum, 

3 4  

2 3  



Film No. 

5-B 

6-B 

7-B 

8-B 

9 4  

9-B 

10-B 

-%-I 
A*-B 

12-B 

13-B 

Table V I I  

BESISTIVITP I N  n/sq OF FERRITE FINS 

Composition 
s ta r t ing  material 

Fe304 
10%B203+90%Fe304 

Res is t i v i  ty 

65 

lo lo  

8 1 S X l O  

u o 7  

103 

-eo 

6x10~ 

b l o b  

50 

35 

Remarks 

Metallic appearance 

Translucent l i g h t  brown 
color 

Dark color 

Dark color; annealed a t  
lrooQc 
Slight metall ic appearance 

Oxidised i n  a i r  2 hours 
a t  12OO0C, predoaaina.tely 
red color 

Dark color j  annealed a t  
520% 

Dark colorg annealed a t  
65ooc 

Dark colorg annealed a t  
Gooc 

Dark colorj annealed a t  
75OoC 

( A l l  annealing time -.. 
15 min in vactlnm) 



' The films were not measuret, fo r  specific magnetic properties such as 

permeability, saturation magnetisation, uoercive force, etc.  

tha t  the equipment was not available f o r  such measurements, 

ble method fo r  determining if the films exhibit  magnetic properties was to 

u t i l i z e  the r e su l t s  on the inductor patterns, 

The reason was 

The most availa- 

(See section 6.) 

An inductor pattern on a fused-silica substrate had a "QW of 18 a t  60 

mc with a Capacitance of 11.2 pf. 

tance of 7.6 pf,  

to 5000A thick and annealed a t  6oo0c, The nQ"' of the sample a t  70 mc was 11 

with a capacitance of 52.8 pf, 

of 70.5 pf ,  

of the inductor c o i l  i n  contact with the ferri te film, 

RQ" of" t k i 3  coil. i n  this instance has not ver i f ied any ferromagnetism, 

The "Qtt was 18.2 a t  70 mc with a capaci- 

This inductor pattern had a 5% B203- 95% Fe304 deposited 
0 

At 60 mc, the ItQr was 10 with a capacitance 

The increased capacitance was due t o  the decrease of r e s i s h n c e  

Thas, the change of 

Qi a f e r r i t e  f i lm tha t  ha6 been deposited and the *Qn measured, A t  60 

me, the "Q1) was 5.3 wi%h a capactitance of 10.9 pf. Another ferr i te  film 

was deposi-ad on the coil., i o e o g  the coil was sandwiched between the two 

f e r r i t e  fi.-ms9 and t'ne TQeE remeasured, The value of ItQm was 11 a t  60 mc 

w i t h  a capacitance of SI.8 pf,  

however, sclffieien?; data were not taken a t  t h i s  time for t rue evaluation of 

the inductor coil imbedded between the f e r r i t e  f i l m s ,  and t o  ver i fy  ferro- 

magnetism. 

7,s Program fo r  the Next Quarter 

Sources of higher-parity Fe 0 material ape being sought f o r  the de- 

Emphasis will be placed on varying the deposition 

Thssls, i n  this  case, the '*QW was increased, 

3 4  
posit ion of the films, 

parameter for  obtaining a higher degree of magnitite structnre.  X-ray 
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' .  - *  I 

diffract ion pattern, chemical analysis, and optical  absorption curves w i l l  

be obtained f o r  film characterieation. I 
A lIB-He looptracer is being acquired f o r  observing the magnetization 

I 
I 

curve of the t h h - f i l m  f e r r i t e s .  

remnant magnetization, and coercive force of the films w i l l  be measured. 

The permeability, saturation magnetization, 

The r e s i s t i v i t y  of the films w i l l  be remeasured carefully to correlate  
I 

the e l ec t r i ca l  properties of the filme with the parameters of f i lm formation. 

c 
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8 CONCLUSIONS 

All research in the speciffed areas is on o r  ahead of the  planned 

schedule. 

strates, dielectr ics ,  and inductors are yielding def in i t e  information f o r  

high-frequency calculations. 

frequency thin-film triodes, has had the design approaches w e l l  defined, 

and intensive research experiments are being carried out. The research 

into magnetic permeability films is also defined and being investigated. 

It i a  fxn the area of the al ternate  metal base device t h a t  advances beyond 

the exis t ing s t a t a  of the art have been achisved so unexpectedly e a r l y  in 

the program. Furthermore, detailed analysis is under way i n  this area to  

f u l l y  and eompletelydefine the operating mechanisms and the deposition 

parametl-lra. 

The e f fo r t s  expended i n  the prac t ica l  investigations of sub- 

The most important research area9 high- 
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i. INTRODUCTION 

The F i r s t  Quarterly Report is  submitted i n  compliance with Contract 

NAS 9-392k. Phase A of t h i s  contract i s  a research e f f o r t  to  develop thin- 

fi lm active devices and passive c i rcu i t  elements f o r  use a t  ultrahigh fre- 

quencies. These thin-film components a re  f o r  the design of a Thin-Film 

Personal Cmunicat ions and Telemetry System (TWCTS) i n  monotronic form. 

The work e f f o r t  and time schedule, as delineated on the PERT Chart 

f o r  Phase A i n  the TF'PCTS Addendum, serve as a guide l i n e  fo r  the research 

required i n  t h i s  contract. 

e f f o r t  such as  t h i s ,  it is  d i f f i cu l t  t o  define the tasks exactly since the 

poss ib i l i ty  always exis t s  f o r  a branching development t o  present i tself  as 

a desirable a l ternate  approach. 

It must be realized, however, t h a t  i n  a research 

Upon award of  the contract, personnel were assigned t o  each of the 

outlined tasks. 

work i s  progressing smoothly i n  accordance wi th  the time schedule as discussed 

i n  the monthly l e t t e r s .  

A t  this tune, there have been no unexpected problerhs, and 

The reports  sf progress achieved during -&is quarter are presented in 

each of the indlvidudl categories of tne PERT Chart. 
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2. 

2.1 Introduction 

HIGH-FR.EQUEI\JCP THIN-FILM TRIOnES (F?EXD ETECT) 

Theory of operation, e l ec t r i ca l  character is t ics ,  and materials f o r  the 

thin-film t rans is tor  or thin-film triode (TFT) can be found i n  numerous 

a r t ic les .  I n  view of substantial  agreement of investigators and the consider- 

~ able coverage given these devices, particularly during the past three years, 

a l i s t  of references i s  given i n  l i e u  of a lengthy review (See references 1-18). 

For a point of c la r i ty ,  the device referred t o  i n  t h i s  contract is an a l l -  

thin-film structure  deposited by vacuum-deposition techniques on an amorphous 

substrate,  

insulated gate t rans is tor  (or tr iode).  

t r iode might be argued, but i n  l i e u  of discussion,the term TFT w i l l  be used 

i n  reports. 

of MOS t rans is tor ,  however, we s h a l l  leave t h a t  term f o r  devices formed by 

investigators on single-crystal substrates. 

The thin-film device can be described as a thin-film, f ield-effect ,  

Decision as t o  the term t rans is tor  or 

It is fur ther  acknowledged tha t  some might c a l l  the device a type 

F i p r e  1 (a), (b), (e) represents three of the more basic TF'T structures.  

Weimer e t  a1.12 have identified the structures of figure l (a )  by the 

name "Stagrerd," and the structure of fieure l (b )  by the name Woplanar." 

the present time, no known identification has been assigned bg investigators 

t o  the s t ructure  of f i g u r e  l ( c ) .  

time f o r  future ident i f icat ion i n  these reports. 

-- 
A t  

A tentative name of 'lPlanarl' i s  given a t  t F i s  

Basically, the phenomenon desired (transverse f i e l d  effect)  is  t o  e f fec t  

the conductance of the semiconductor layer between the source and drain elec- 

trodes v i a  a transverse e l ec t r i c  f i e l d  placed on the insulated gate electrode. 

Elaboration is l e f t  t o  references cited, 

8 
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Figure 1. TFT Structures 
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Many variations of these structures have been proposed, or  are bound t o  

be. These variations follow, or w i l l  probably follow, four principal variations 

of the basic structures. 

1. 

2. Addition of two o r  more gate electrodes, or control electrodes, t o  

Reversal of film layer  order. 

fur ther  influence the semiconductor properties, 

3 . Insulated "grid-like" gate electrode, or electrodes, placed transverse 

t o  source=drain current flow, 

4. Various geometric patterns of source-drain spacings . Device-structure 

variation, film-thickness variation, deposition-parameter variation, and choice 

of materials used i n  forming the thin-film device present a vast  area of explo- 

ra t ion  before the investigator. 

Various advantages of each of the three basic s t ructures  of f igure l ( a ) ,  

(b), (c) are immediately recognizable, o r  become apparent through theore t ica l  

study and device-forming practice. 

Device parameters, however, are s t i l l  largely dependent upon laboratory 

processes ut i l ized,  and apparent advantages of one s t ructure  over the other 

are not always realized i n  practice. 

s t ructure  is t h a t  it is  conducive t o  etching and anodizing techniques in forming 

the electrodes and d i e l ec t r i c  insulation (i,e., 40, ) 

however, with the interference of the metal films on the semiconductor t rea t -  

ment, o r  the interacti.on between the di-electric and semiconductor layer during 

such treatment. 

trodes t o  the semiconductor may also arise.  

A probable advantage of the "Planar" 

Problems may arise,  

A problem of ohmic contacts with the source and d r a i n  elec- 

10 
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A probable advantage of the  Woplanarn st ructure  i s  tha t  the semicon- 

ductor fi lm can undergo sensit izing treatment f r ee  from the influence of metal 

layers. 

drain electrodes. 

Law-temperature metals, such as I n  or Ga, m a y  also be used f o r  source- 

The greatest  advantage of t he  "Staggerd" s t ructure  may be the  a b i l i t y  o f  

the investigator t o  u t i l i z e  the d ie lec t r ic  layer t o  change the senticonductor 

surface t o  a sensitive, low-conductivity layer. This s t ructure  a l s o  seems 

t o  exhibit l e s s  problems with nonohmic and blocking contacts a t  the source 

and drain electrodes. 

ference by the source-drain contacts during the semiconductor treatment and 

l e s s  precision i n  the spacing of electrodes. 

Major problems of t h i s  s t ructure  include possible inter-  

Work t h i s  quarter has mainly u t i l i zed  only the  IIStaggerd" s t ructure  of 

f igure l (a ) .  

thoroughly studied i n  following quarters. 

2.2 Equipment Used f o r  Forming TFTs 

2.2.1 Emironmental Control 

The structures of f igure l ( b )  and figure l(c) will be more 

Control of environment f o r  laboratory f a c i l i t i e s  at the  present time 

Humidity, however, is not con- i s  one of temperature and air  conditioning. 

t rol led.  Work i s  now i n  progress t o  complete a "dry roomn by April 15. 

room w i l l  be maintained at  a re la t ive  humidity of 25% or below. Two twin- 

vacuum systems (2-10 i n  b e l l  jars per system) w i l l  be located i n  t h i s  area, 

pr incipal ly  f o r  t he  purpose of forming TFTs. Formation of devices and pro- 

t ec t ion  i n  a lower humidity are expected t o  improve the  stability and l i fe= 

t h e  of these devices. 

T h i s  



2.2.2 Vacuum Units 

Although techniques f o r  forming TF'Ts i n  a 24" b e l l  jar  system are now 

being investigated, devices a t  present are  primarily formed i n  s m a l l l O 1 t  b e l l  

jar systam8. 

two single 10" systems. 

with completion eupected by April 15. 

A dual (twin 10") system is now being uti l ized, together Kith 

A second dual unit  i s  presently under construction, 

The two dual systems are expected t o  be the pr incipal  vacuum equipment 

used i n  fu ture  studies. These units exhibit re la t ive ly  rapid pumping capa- 

b i l i t i e s  (loo6 t o r r  i n  5 minutes) with ultimate capabi l i ty  t o  10-7 torr .  

Rapid pumping rates ensure good vacuum, 5 x 10-6 t o r r  or bet ter ,  during vapori- 

zation from re la t ive ly  large charges of vo la t i l e  materials (CdS, Cdse). Two 

filament transformers of up t o  4000-watts capabili ty are  par t  of each dual 

unit. 

a lso  available on each dual unit. 

and other standard features have also been included on these systems. 

2 is a photograph of the system in ter ior  and control panel of a small dual unit. 

Two substrate heater supplies (Variac, 10-amp, 1 2 0 - V  capabili ty) are 

High-current feedthroughs are water cooled, 

Figure 

A s m a l l  single  (10" b e l l  jar) vacuum uni t  i s  a t  present being used i n  the  

formation of Te, devices. 

time. 

gated, Te is  considered the  most toxic o r  potent ia l ly  dangerous t o  laboratory 

personnel. 

caution. 

and theroughing pump exhaust is  enclosed i n  a second air-exhaust system. A 

second purpose of intent ional  Te deposition i so la t ion  a t  t h i s  time is based 

Use of Te i n  other un i t s  is being avoided at  t h i s  

O f  the  materials being investi-  This is  being done f o r  two reasons. 

This vacuum unit, therefore, u t i l i z e s  greater than normal pre- 

The en t i r e  system is  located i n  a hood enclosure of 1/8-inch plast ic ,  

12 
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Figure 2. Interior and Control Panel of Small Dual-vacuum System 
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on private communications from two laboratories i n  which systems previously 

used i n  Te evaporations were found t o  be permanently unsatisfactory f o r  

l a t t e r  attempts a t  forming hard nichrome films ( i n  sp i t e  of careful  and 

complete system cleaning2 

phenomenon. Films of various materials, including nichrome, have been deposited 

i n  the unit  used f o r  Te without apparent loss of normal film hardness. 

was done, however, a f t e r  the system had been cleaned, and where Te deposits 

had been made u t i l i z ing  a pyrex chimney. The chimney r e s t r i c t ed  approxi- 

mately 75% of extraneous deposit and was removed f o r  other deposits (See 

f igure  3).  

A t  t h i s  time, t h i s  laboratory-cannot confirm tkLs 

This 

Precautions w i l l  continue next quarter. 

2.2.3 Characteristics Checkout Equipment 

Electr ical  parameters of t he  devices are studied on e i ther  a 570 

(Tektronix) character is t ic  curve t racer  or on a 575 (Tektronix) t rans is tor  

curve tracer. 

serving “ptt type device character is t ics  (Le., Te). 

bias  (battery and pot arrangement) is required and, i n  the  ease of the 575, 

a lK r e s i s to r  permanently inserted between base and emitter jacks provides 

gate steps (s tep selector)  i n  voltage levels  as desired. 

2.3 Material Studies 

2.3.1 Semiconductor Films 

O f  these, the 575 i s  more ve r sa t i l e  and i s  desired f o r  ob- 

Addition of external 

To date, the most active TFTs (all t h in  fi lm on amorphous substrates) 

have u t i l i zed  e i ther  CdS, CdSe, CdTe, or Te f o r  the semiconductor layer. 

(See references 1-18,) Other materials have been ut i l ized,  but thus far 

seem less sensi t ive e i ther  as t o  transconductance values or lbpiixh-offlk (drain 

current  saturation) capability. 
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This quarter, CdS, CdSe, CdS-CdSe, and Te films were investigated. 

Devices utilizing these films were formed and characteristics studied. CdS, 

CdSe, and CdS-CdSe (coevaporation of C d S  and CdSe) films were 'Inn type. 

films were np1t type. 

Te 

2.3.1.1 CdS: Cadmium sulfide (CdS) films were deposited using Eagle- - 
Pitcher or Harshaw very-high-purity cadmium sulfide. 

was ground to a fine powder. 

bottom of a silicon dioxide crucible. 

area, a 2-lh-inch-diameter crucible (2-1/2 inches high) was used. 

heating and cooling, the Si02 crucible was inclosed at the bottom and sides 

with a tight-fitting tantalum (0.003") housing. 

the housing, via 0.020" Ta ends, from heavy (water=cooled) copper electrodes. 

To prevent spitting, a low-density quartz wool blanket was placed over the 

The source material 

A charge of 4 grams was evenly dispersed on the 

To obtain a large surface-evaporation 

For rapid 

Current was supplied to 

source material. 
0 

Films were formed at rates from 50 to lOOA per second to thicknesses 

from 2500 to 5OOOg. 

color changes occurring on the freshly cleaned molybdenum mask. 

and noting color and number of color cycles undergone in the film formation, 

a thickness to within 2008 could be predicted. 

from 750° to 850% in experiments of CdS deposition. 

was in the vicinity of 5 x lo4 to Deposition rates were not only 

dependent upon source temperature and vacuum, but also largely dependent upon 

evaporation area, source CdS particle size, and substrate temperature (source- 

to-substrate distance was held constant). 

was utilized. 

Thickness buildup could be observed by visually observing 

By observing 

Source temperatures ranged 

Vacuum during depositions 

torr. 

A substrate temperature of 125OC 

16 
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Immediately a f te r  deposition, films were subjected t o  a heat treatment 

T h i s  treatment was very short  (2  minutes), or anneal i n  vacuo (lod torr) .  

i n  which a temperature of  approximately 230°Cwas attained. After heating, 

t he  CdS fi lms are allowed t o  cool t o  approximately 18OOC (20 sec) and then 

t h e  system is  opened t o  air, 

t o  room temperature by placing them face up on a clean formica t ab le  top, 

Films were lemon yellow i n  color. 

-- 

Samples a re  removed while s t i l l  w a m  and quenched 

A t  room temperature, a dark r e s i s t i v i t y  i n  the  v i c in t iy  of Id ohm/cm 

was exhibited. 

film reduced the  resistivity from 16 oh/cm t o  as  lar as lo2 ohm/cm. 

drop i s  probably due t o  a number of actions resul t ing i n  oxygen removal from 

t h e  Cds fi lm surface. Removal of oxygen probably begins f irst  by t h e  reinser- 

t i o n  i n t o  vacuum f o r  the  Si0 deposition, l i g h t  and heat influences from t h e  

S i0  source boat, bombardment of S i0  molecules, and then most s ign i f icant ly  

by the  get ter ing action of the  Si0 layer. This get ter ing act ion is a t t r i bu ted  

t o  an oxygen-deficient Si0 layer containing elemental s i l i con  attempting S a  

formation or Si0 attempting Si02 formation. 

(which a t  this time are  believed t o  act  as acceptors) r e s u l t s  i n  increased 

conductivity. 

Deposition of an oxide d ie lec t r ic ,  such as SiO, over t he  CdS 

T h i s  

Removal of the  oxygen atoms 

2.3.1.2 CdSet Cadmium selenide (CdSe) films were deposited from e i the r  

s in te red  cake (Harshsw) or polycrystall ine CdSe (Clevite) as t he  source material. 

The source material was ground t o  a f i n e  powder. 

is placed i n  a graphite crucible of L-and-l/h-inch diameter (O.05Ott wall). 

- 

A charge of 4 grams of powder 

The charge of CdSe powder i s  then pressed t o  form a self-sustaining layer  

17 



approximately one-half way up the sides (l=and-l/&-inch high) and over the 

en t i r e  bottom of the  crucible f o r  a large evaporation surface. 

crucible is housed i n  a tantalum heater similar t o  the s i l i con  dioxide cru- 

c ib l e  described i n  the CdS f i lm formation. Similar ra tes ,  temperatures, and 

other deposition parameters resulted i n  CdSe films exhibiting r e s i s t i v i t i e s  

before and after t h e  deposition of an overlying Si0 d i e l ec t r i c  layer of  approxi- 

mately 1/10 of those observed f o r  CdS layers. 

monitoring is experienced with CdSe since color changes a re  not discernible, 

Monitoring of thickness during deposition was  made by controll ing time and 

source temperature, and by visual  observance of film opaqueness by l i gh t  trans- 

mission through the glass substrate exposed t o  deposition. 

brown i n  color. 

The graphite 

A problem of film-thickness 

Films were dark 

2.3.1.3 CdS-CdSet Since it has been reported t h a t  photocells o f  Cds 

and CdSe mixtures exhibit the s t ab i l i t y  of CdS ce l l s  and t h e  speed of CdSe 

an attempt t o  study such layers f o r  device application has been 

in i t ia ted .  

as the  source material  at  t h i s  time, but ra ther  a mixture of the  two materials 

(1/1 by weight - 2 grams each), Evaporation was made from t h e  s i l i con  dioxide 

arueible arrangement i n  the  manner described f o r  CdS. 

t o  red and exhibited r e s i s t i v i t i e s  before and after d i e l ec t r i c  deposition 

somewhat higher (2 t o  15 times) than CdS films, 

in Piew of the  few runs made thus far, conclusions as t o  r e l a t ive  r e s i s t i v i t y  

(compared t o  CdS and CdSe) will not be made a t  this  time, 

FOP these studies, compounds of the  CdS-CdSe system were not used 

Films were glossy pink 

This was not expected, and 

2,3.1,& E: Tellurium deposits are made from re la t ive ly  small charges 

A crucible of intermetall ic compound (National Carbon Coo) was (50 mg). 

18 
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primarily wed. This crucible was fitted into a tantalm housing, as were 

the crucibles used in CdSe and CdS depositions. 

sizle (1/2-inch diameter and 1 inch in length). 

including quartz, were also found to work just as well. 

It was somewhat smaller in 

Several other crucibles, 

Deposition rate of the Te was about 1OOg per second. Since device reqyire- 

ments were 200-300& a critical shuttering time (1 to 5 sec) was necessary. 

The deposit time was initiated with the appearance of Te on the ohimney. 

Deposits were made on the glass substrates with nichrome source-drain 

An outgassing of the substrates in vacuum to LOO0C preceded a electrodes, 

cooling to sO°C or lower, at whioh temperature the deposition was made. 

substrate temperatures above 125OC, deposits of Te would not occur. 

2*4 High-mobility, Semiconductor Film Studies 

At 

In v iew of the high-frequency requirements of t h i s  contract, an additional 

investigation of materials exhibiting higher mobility than CdS, CdSe, CdS-CdSe, 

or Te has been initiated to include film-property studies of films of materials 

(primarily tellurides ) in which high mobilities have been observed, and to form 

and investigate TFT structures utilizing these films. Presently being investi- 

gated are AgTe films. 

200d thickness. 

that films below 400g in thickness will be required for TFT structures. 

2.5 Dielectric Films 

Mobilities of 400 cm2/VS have been noted for films of 

Due to the large carrier concentration, however, it appears 

Investigation of oxide dielectrics such as SiO, Si02’ La203, PB2O3, 

Nd203, Dg203, and B 0 

by proper vacuum techniques may be satisfactorily utilized as the insulation 

indicates that films of most oxide materials deposited 
2 3  
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layer in TFT devices. Fluoride dielectrics as well as sulfides or certain 

elemental dielectrics might also be utilized. However, since oxygen absorption 

by the dielectric from the semiconductor surface is desirable, oxide dielectric 

layers will be concentrated on during the program. 

During this quarter, Si0 was primarily utilized as the insulator layer. 

For the Wtsrggerdtt structure, an increase in conductivity of Wc typo eeml- 

conductor layere was noted upon the deposition of 910. 

oxide dielectrics are used and, to a lesser extent, when flourides are utillged.) 

An increase of semiconductor conductivity of up to l& has been observed. 

Another method of increasing lWt type semiconductor conductivity is by heating 

the structure at room atmosphere in the temperature range of hOOo to 600°C for 

a few minutes. This latter treatment is at present not utilized at Melptar for 

(This is  the a a m  when 

"Staggerd" structures in which oxide dielectrics are used. 

Deposition rates for dielectrics vary from 6000g per minute for Si0 down 

Thickness monitoring of Si0 is done usually by 

A thickness to within lOOR may be controlled in this 

0 
to 200A per minute for Dy203. 

observing color change. 

manner. For dielectrics reqniring high source temperature in which color change 

is less reliable, the amount of charge, source temperature, and time are used 

to control thickness, 

2.6 Metal Electrode Films 

Ekperience has indicated that aluminum is one of the most preferable 
,. 

metal8 for the gate electrode. As in regular thin-film capacitors, the self- 

heating properties of aluminum (i.er, the greater likelihood of pinhole a i -  

dation) make this material popular. It is of relatively high conductivity and, 
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i n  the  case of the "Planar" structure, the anodizing or oxidizing treatment 

o f t h e  gate electrode surface t o  form a grown oxide insulation presents a 

favorable technique. 

Melpar f o r  t he  reasons s ta ted  above, 

A t  the  present time, aluminum i s  being u t i l i zed  a t  

Source and drain electrodes present a requirement of using a metal which 

forms an ohmic contact t o  the  semiconductor film, Aluminum would be desirable 

from t h e  standpoint of u t i l i z ing  a single material  f o r  both source=drain elec- 

trodes and the  gate eleetrode, 

l i k e  the  "Planar" arrangement, where all electrodes might be deposited a t  the  

same t h e ,  

a t  the aluminum-semiconductor interface often results i n  a high-resistance 

contact or  blocking contact a t  either the source or drain electrode, or  both. 

Most investigators have found gold t o  form a barrier with the  Wt-type semi- 

conductors of the type investigated here, Indium, gallium, or other such 

low-temperature materials probably cannot be used i n  the TStaggerd" of V1anar1' 

s t ructures  because of the temperatures used i n  the semiconductor f i lm formation. 

In  general, a low-work-function metal would be desirable in attempting 

It would be very desirable f o r  some structures,  

The problem thus far ,  however, i s  t h a t  an oxidation or reaction 

ohmic contacts t o  %"-type semiconductors and a high-work-function metal f o r  

contact t o  'tpw-type semiconductor layers. 

It has been observed a t  Melpar t h a t  nichrome (if  exposure t o  air  occurs 

between the source-drain deposition and t h e  semiconductor deposition), without 

exception, resulted i n  as low and usually lower resistance contact t o  s e d -  

conductor layers being studied (n or  p) as did any other metal. 

It is believed this i s  due t o  the hardness of  the layer, where s l igh t  

chemical reaction of the metabsemiconductor interface reduces the barrier 
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expected, and t o  the formation of a more oxide-free metal surface. 

exhibits a similar charac te r i s t ic  if exposure t o  a i r  does not occur between 

the metall ic and semiconductor layer depositions. 

Chrome 

For t h i s  quarter, nichrome was u t i l i zed  f o r  source-drain electrodes 

exclusively i n  the "Staggerd" structure. Aluminum w a s  used on occasion i n  the 

"Coplanart' s t ructure  . 
Deposition r a t e s  on the order of 2000% per minute were ueed in forming 

nichrome source-drain electrodes a t  a substrate  temperature of 250°C f o r  the  

"Staggerd" unlter. 

a t  a r a t e  of l O O O P  per minute on a substrate of SO°C o r  lower. 

2.7 Masks 

Aluminum gates for the  various atructures were deposited 

- 
Figure 4 shows the most basic TFT mask layout ut i l ized.  This layout 

configuration is used f o r  5- and 1b-device arrangements per  substrate. 

1-inch-square substrates are used i n  the depositions. 

used is s m a l l  compared t o  substrate  dimensions. 

studiea, however, the i-inch-square substrates are used. 

device density may be achieved with the SO-device arrangement ( 2 5  pairs - 
common source) of f igure  5. 
higher, density arrangements is anticipated l a t e r  i n  the program. 

Four 

The actual  device area 

For ease i n  handling i n  basic 

Somewhat grea te r  

The l a t t e r  configuration o r  one of similar, yet  

Mask No. 1 of f igure  4 w i l l  have a tungsten wire attached after the  basic 

This tungsten wire, down t o  2.5 microns, is attached d i r ec t ly  mask is  etched. 

t o  the mask t o  form the closely spaced source-drain electrodes. 

gate pickup tab is  used l a t e r  as a visual guide i n  alignment of the gate 

electrode. 

v i s u a l l y  w i t h  the a i d  of l i g h t  and magnification. 

The s p l i t  

This  alignment (gate  electrode t o  source-drain spacing) is done 
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Figure 4. Basic TFT Mask Layout 
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Figure 5. Common Source Arrangement of 25 TFT Pairs 
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The gate  width 

used as a base mask 

5-micron-wide gates 

2 . 8 Substrates 

used a t  t h i s  time (shown as 2 m i l s )  w i l l  eventually be 

f o r  a sti l l-smaller opening. Techniques f o r  obtaining 

are now being developed. 

Substrates presently being used are  glass, one inch square. The type 

of g l a s s  being u t i l i z e d  i n  the i n i t i a l  investigations is Corning 0211 micro- 

sheet. 

substrates of t h i s  material. 

g lass )  are reported t o  be preferred by other investigators.20 

however, is  not known t o  be available i n  sheet form. 

material, therefore, would probably be obtained by cu t t ing  from rods and then 

using lapping and polishing techniques f o r  obtaining substrates. 

m a y  be necessary t o  use a d i f fe ren t  substrate composition f o r  high-frequency 

(300-mc) devices, no decision has been made ye t  t o  investigate 7052 o r  70% 

Devices have been successfully deposited on 10- and 20-mil-thick 

Other glasses (types 7052 and 7056 Kovar sealing 

This glass, 

Substrates of t h i s  

Since it 

glass. 

Corning 7059 glass is advertized as having properties which have merited 

investigation. 

the "pinch-off" charac te r i s t ics  have been disappointing thus far. This glass 

is  a l so  available only i n  3O-mi l  thickness, a f a c t o r  which must be considered 

in weight and space requirements of t h i s  contract. 

TFTs were formed on t h i s  glass during t h i s  quarter, however 

Substrates used are cleaned by standard ultrasonic cleaning procedures. 

They are also outgassed i n  vacuum (loo6 t o r r )  at  a temperature of 4OO0C p r i o r  

t o  source=drain and semiconductor depositions f o r  5 minutes. 

Glow discharge cleaning was not u t i l i zed  i n  any cleaning o r  film-formhg 

depositions t h i s  quarter. 
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2.9 Source Heaters 

Figure 6 shows typical  source-material heaters used i n  the formation of 

TFTs. The heater a t  the top of the  photograph is a type used i n  the  semicon- 

ductor evaporation, 

f i t t e d  into the tantalum housing shown. 

l O - m i l  (commercial) tungsten boat, 

A graphite, quartz ,  o r  any other  type crucible is press 

The middle heater i s  the ertandard 

It is  used f o r  a l l  metall ic depositions, 

Such boats a r e  good f o r  up to  k0 aluminum evaporations, but only f o r  six 

michrome depos t ions , 
The bottom heater is  used for S i 0  and some other r e l a t ive ly  low-tempera- 

tu re  depositions, Its shape is  such t o  engulf the m e a  of the mask and sub- 

s t ra te .  This i s  believed t o  minimize shadowing and p in  holes of the  d i e l ec t r i c  

layer. It also provides a very even deposition f o r  r e l a t i v e l y  shor t  source- 

to-substrate distances, This boat is  shaped from 10-mil tantalum. 

2.10 Substrate Heater 

Figure 7 shows a bottom view of the type of substrate  heater used. This 

heater is capable of hedting Lightweight mask-substrate assemblies to 80OoC. 

The heater has a 10-miL tantalum frame with a removable % m i l  tantalum ref lec-  

tor .  

2.11 TFT Characterist ics 

Heat is supplied by three 5’00-watto quartz (G.E,), infrared lamps. 

Figure 8 shows character is t ics  of a CdSe TFT formed t h i s  quarter. 

was used as the dielectr ic .  Film thickness f o r  the  CdSe and Si0 layers  were 

50008 and 1100% respectively. Nichrome source-drain elec%rodes (lOOOP) were 

u t i l i z e d  with a 530i=thick aluminum gate electrode. 

“Staggerd’t s t ructure  , 

Si0 

The device was of the 
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Figure 6. Source Heaters Used for Evaporations 
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Figure 7. Substrate Heater Used for A l l  Evaporations Requiring Substrate 
Heating 

28 



E1891 

2.0 ma 

Id 

0 Vd 10 

Figure 8. Characteristics of CdSe TFT 
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Figure 9. Characteristics of CdS TFT 
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Characterist ics of a CdS device a re  shown i n  f igure  9. As i n  the  case 

of t he  CdSe device, S i0  is used as the dielectr ic .  

CdS and Si0 layers were 390r(. and 1200% respectively. 

ra ther  small transconductance, but could stand r e l a t ive ly  large gate and drain 

voltages without breakdown. 

breakdown o r  zener charac te r i s t ics  began t o  appear, 

Film thickness f o r  the 

This device exhibited 

Drain voltages t o  30 v o l t s  could be used before 

Characteristics of CdS-CdSe mixture devices are  not shown, bne ra l ly ,  

they were the same as those shown for the CdS device, however, transconductance 

values of the r e l a t ive ly  few devices investigated thus far  have been below 

100 c1 mhos, 

Characterist ics of a Te device formed t h i s  quarter are shown i n  f igu re  10. 

2.12 Summary of TF'T Investigations This Quarter 

The first half of t h i s  quarter was heavily committed t o  designing and 

forming masks, building a second dual-vacuum unit, and ordering materials, 

Source-drain spacings of 2.5 microns, u t i l i z i n g  2.5-micron tungsten wire, 

were achieved t h i s  quarter. This spacing presents l i t t l e  problem. Achieving 

comparable gate widths is a grea te r  problem and w i l l  be concentrated on during 

the  next quarter. 

Transconductaxe values of C d S  and CdS-CdSe mixtures were low i n  devices 

formed t h i s  quarter, however, they appear promising f o r  fu ture  device forma- 

tion. CdSe devices (with which MeZpar has more experience) have been formed 

exhibiting transconductance value t o  5OOOp mhos and power capabi l i t i es  i n  

excess of 100 MW. 
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Figure 10. Characteristics of Te TFT 
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3. METAL BASE TRANSISTOR 

3.1 Introduction 

A class of solid-state devices known as “hot electiron devicest’ gives 

promise of a method f o r  achieving an ultrahigh-frequency thin-film amplifier. 

One such device i s  the metal base t ransis tor  (MBT), 22 which consists of 

a th in  metal film (100-700%) sandwiched between two ltn1t type semiconductors. 

This metal l ic  base l ayer  i s  made thinnner than the mean free path of elec- 

t rons and i s  aocordin@;ly transparent f o r  injected eleotrons. 

Figures 11 and 1 2  show the structure and energy band diagram of the 

MBT. 

The bar r ie rs  formed a t  the metal-semiconductor interfaces  are those studied 

by Schottky. 

b ias  apphed t o  the emitter interface decreases the bar r ie r  height and cor- 

respondingly increases the number of electrons t h a t  are injected in to  the 

base region by flowing over the emitter potent ia l  barrier. 

electzons axbe very energetiz (or  hot) since they possess energy greater than 

the Fermi energy i n  the me5d. 

the lJtransparenttt metal base azw %hen Goliected by passing over a lower- 

ene??gy baue-cJllec;or barrier ints the space-ehapge region o f  the reverse- 

biased collector. Tne rontrol of the current flow from one seniconductor 

(emitter)  t o  the other (collec%or) i s  exercised by vaqring the emitter 

barrier height by means of the nietXl base layer. 

The operation of the device can be followed with the a i d  of figure 12. 

The biased energy diagram in figure 1 2  shows that a forward 

These injeuted 

The !lot eleck-ons tha t  are trw.sported across 

The advantages of the MBT as an approach to  an ultrahigh-frequency 

t h i n - f i l m  a p l i f i e r  become appaxent. i f  one considers i t s  frequency per- 

formance and unipolar operation, 
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Figure 11. Structure of Metal Base Transistor 
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Figure 12. Energy Diagram of Metal Base Transistor (a) In Equilibrium, 
(b) Under Operating (Biased) Conditions 
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The high-frequency behavior of the MBT can be evaluated by using 

the maximum frequency a t  which the gain of the device drops t o  unity, and 

i s  given by 

where : C Y =  

'b 

cc% = 

'ec 

common base current 

base resistance 

col lector  capacitance 

emitter t o  collector delay time. 

Comparing Fmax of the MBT with that of the conventional bipolar transistor,  

it i s  expected t h a t  the MBT can have a F- about an order of magnitude 

la rger  than the bipolar t ransis tor ,  

axrived a t  i f  one considers two factors: 

order of magnitude samZler than that f o r  the bipolar t r ans i s to r  since the 

base transit time i s  negligible and only the emit;ter time constant i s  

importantl. 

T~ (base trwait, t.im6) and 

rnmt factor  31 T 

T h i s  anticipated performance can be 

T~~ fo r  th0 MBT can be an (1) 

Hence, T~~ f o r  the bipolar transistor is given by the sum of 

( e d t t e r  time constantq). Heme, the improve- 

which can be f o r  t he  Ml3T i s  given by the rmztfo 'e + 'Bp ec 

as large a s  ten, ( 2 )  The base 

layer,  can be about an order of 

of the bipolar transistor.  

resistance (rb) of the MBT, being a metal l ic  

magnitude smaller than the 'base resistance 

Since the MBT i s  a unipolar device ( i t s  operation being based solely 

on majority carriers), it does not  require materials t h a t  have a high 

crystailhe perfection. 

vacuum-deposition techniques. 

It is, thus, very sui table  f o r  fabricatton by 
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, '  

Melparts approach toward the fabrication of a thin-film MBT i s  as 

follows : 

(1) To develop sui table  metal-semiconductor junctions f o r  eventual 

use as the emitter and collector junctions of the MBT, 

junctions are t o  be i n  an all-evaporated structure sui table  

f o r  incorporation in to  t h i n - f i l m  integrated circuits.  

To incorporate these junctions in an MBT s t ructure  and t o  

study device feasibi l i ty .  

If device f e a s i b i l i t y  i s  demonstrated, and if: the amplifier 

character is t ics  are encouraging, the e f fo r t  w i l l  b e  directed 

toward high-frequency operation. 

These 

(2) 

(3) 

3.2 Mater5,al and Geometrical Considerations 

3,201 Ehitter and Collector Junctions 

The energy bands of the materials used f o r  t he  MBT must fit %o- 

gether asshown i n  figure 12. 'The barrier height of the emitter junction 

must be a t  l e a s t  as high as the collector barrier,  otherwise ref lect ion of 

carriers w i l l  occur a t  -bine collector junction, 

t he  common base current gain, CY. 

This ,  In tm, w i l l  reduce 

The forwaxd resistance of the emitter junction must be low f o r  l a rge  

power and voltage gain, while the reverse character is t ics  of the col lector  

junction must be good ( L e o 9  low leakage currefit, high peak inverse voltage, 

etc.) . 
about 2 ev o r  less since the mean frea path of electrons of energy greater 

than 2 ev i n  gold is l e s s  than 2OO&? A t  about 1 evg the mean free path is 

reported t o  be about 740A0 

It is likewise important t o  d e a l  with emitter-barrier heights of 

0 
Therefore, the lower the b m i e r  heights with 
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whish one can deal, the la rger  the  mean f ree  path of the electrons i n  the 

base region and, correspondingly, the larger  t h e  common base current gain. 

A high-frequency design consideration (apart  from using ma31 areas 

f o r  reduced capacitances) i s  the re la t ive  spacing of the emitter base and 

base collector. 

base spacing might r e s u l t  in undesirable phase shifts between signal vol t -  

Two l a r g e  a base-collector spacing r e l a t i v e  t o  the emitter- 

age and collector current. 

mately equal. 

3.2.2 Base Region 

Hence, these spacings should be made appro*- 

A very important requirement f o r  the e f f ic ien t  operation of  the MBT 

is the effective transparency of the metal base layer t o  the in jec ted  

cs r r ie rs ,  Any losses  incurred in the base region will reduce the gain of 

the amplifier. To reduce any losses  i n  the base region due t o  phonon col- 

l i s ions ,  the base thickness should be made smdller than the m e a n  f ree  path 

of t he  carriers in the metal. 

most sui table  f o r  the base material, 

w i l l  transmit about 60 percent of  the  injected elez5ronu. Another advantage 

of gold i s  its high conductivity. 

of about 5 ohms/sq. 

A t  the present time, gold appears t o  be the 
0 

A goid filnl approximately 200 A tMck 

0 
A 200 A gold f i l m  has a sheePl resistance 

This i s  important f o r  high-frequency considerationse 

The transmission of electrons through the thin metal base i s  given 

by' 

where : 

T = r a t i o  of collected car r ie rs  t o  injected 
car r ie rs  

R = rer2ection coefficient, a t  ::oll.ector barr ier  
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L = mean free paths of car r ie rs  in  metal-base 
material 

W = thickness of metal. base. 

Hence, f o r  unity emitter efficiency (which i s  a reasonable approxi- 

mation for the  M3T since it is a unipolar device), the common base current 

gain, i s  given- by equation (2) .  Hence, for  large values of CY, a mall 

ra t io  of W/L is desired. 

The base thickness f o r  optimium frequency (gain bandwidth) design 

can be calculated as follows: 

portionai t o  the base thickness 

The base resistance, rb9 i s  b v e r s e l y  pro- 

k r =  b - w  (3) 

where k i s  a function of the base resistivity and geometry. 

equaVlon8 (1)$ (2), and ( 3 )  results in 

Combining 

TJhAch has a maximum a t  W=L/2. Hence, for  optimum frequency design, the 

base thickness must be equal t o  half the electron mean free path in the  

base. 

enwgies between 0.8 en and 1.1 ev t o  be approximately 740A, 

base thickness of  about, 370A i s  desired f o r  optjmim gain-bandwidth product. 

The mean free path of electrons in goid  has been reported for 
0 

Hence, a 
c 

3.3 Me%&-. s miconductor Junction Inve sti gat.ia-1 

Thin-film struc%wes (See figure 13 f o r  geometry), sui table  f o r  both 

emitter and col lector  junctions, were fabricated by vacuum depositing com- 

pounds of zinc and cadmium selenide using gold electrodes. The energy= 

b a r r i e r  height that ex is t s  between the gold p la te  and the  semiconductor w a s  
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Figure 13. Mask Layout and Deposition of MBT 
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found t o b e  a function of the re la t ive  concentrations of the compounds, and 

could be varied f r o m  approxhately 0,2 -ev t o  2 ev. 

Mgure 14 shows the I-V characterist ics i n  room l i g h t  of the  first 

junction formed. A plo t  of Ln I versus fl ( f igure 15) shows t ha t  a 

Schottky-type bamier  exists a t  the interface between the semiconductor 

system and the gold base electrode. This juntion exhibits a r ec t i f i ca t ion  

r a t i o  of about 2000 a t 1  volt and a photovoltage of approximately 0.3 volt 

with a white l i g h t  source approxhately 1 inch f’rom the sample. 

this junction exhibits a high forward resis tance (&a) and a l o w  peak 

inverse voltage (dV), it represents h i s tor ica l ly  the  f i r &  junction made 

with the above specified materials. 

Although 

Eygure 16 shows the  I-V characterist ics of a junction wing  t h e  

sane materials with improvement i n  the deposition technique. 

exhibits a peak inverse voltage of 6V9 a forward breakdown voltage of 

about 0.4 volt, a forward resistance of about 200 ohms, and a reu t i f ica t ion  

r a t i o  of about L x10 
of 4 volts 9s about one microamp. 831. the vaiues given above were taken 

a t  room tamperatuna, This junetion shows the improvements over the first 

junution represented by figure 14, and indioatss real progress during the 

i n i t i a l  qu-er. 

This junction 

4 
a t  0,8 volt ,  The leakage current a t  a reverse bias 

The junctions that are presently being fabrioated exhibit rec t i -  
6 6 

fication rat ions i n  the order of 10 t o  10 a t  about 1 ~01%. The voltage- 

capacitance relatioriships, frequency response, etc. of these junctions have 

yet t o  be investigated a t  different  temperatures and atmospheres. 
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Figure 14. I-V Characteristics of First Junction Fabricated 
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Figure 15. Plot of I n  I vs. f i  for Junction of Figure 14 Measurements Taken 
in Dark 
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Figure 16. I-V Characteristics of Improved Junction‘ 

43 



As of this report  date, there have been no junction f a i lu re s  under 

shelf-l ife conditions, 

room temperature and atmosphere, 

been excellent. 

These junctions are unprotected, and are  stored a t  

Their shelf and operating s t a b i l i t i e s  have 

A signif icant  achievement i n  the junction work has been the a b i l i t y  

z;O vary the potent ia l  bar r ie r  height and t o  posit ion this ba.rrier with 

respect t o  the eleatrodes. 

one deals with "back-to-back" junctions with the proper r e l a t ive  energy 

bar r i e r  heights and levels. 

T h i s  is important since, i n  t h e  MBT structure,  

The quality and character is t ics  of the deposited junctions provide 

strong encouragement f o r  the real ieat ion of a.thin-fUm metal base 

t r ans i s  tor. 
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4. 

4.1 

HIGH-FREQUENCY SUBSTRATE INVESTIGATION 

Substrate Evaluation 

The choice of the best  substrate f o r  a par t icu lar  thin-film application 

in the complete c i r c u i t  function should be based on considerations of the 

properties ( i n  approximate order of importance) : 

Surface topology 

(a) Smoothness 

(b) Flatness 

(c )  Edge margin 

Compatibility with film materials 

(a) 

(b) Thermal expansivity 

(c) 

Res i s f i v i  ty 

(a) Surface 

Adherence of  the films t o  the substrate 

Ckmnicai a c t i v i Q  of substrate constituent8 

(1) TJ?,trahigh=frequenrJy effect ive r e s i s  tarice 

(ii) M r s c t  current 

(b) Volume 

(i) Direct eurrent 

Dielectric constant 

Thermal conductivity 

(a) Thermal shmk resistance 

(b) Dissipation of circuit. heat 

(c) Attainment of thermal equilibrium 

Hygroscopicity 
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(7 )  Thermal s t a b i l i t y  

(a)  

(b) Mechanical durabi l i ty  

Retention of physical and chemical propert ies  

Among those fac tors  of l e s se r  importance, but s t i l l  t o  be considered, a r e  

rad ia t ion  resistance,  cost  and avai labi l i ty ,  transparency, and ease of cutting. 

h .1. 1 Surfa ce, Topology 

The surface character is t ics  of substrates  a re  the most important 

considerations i n  determining the i r  usefulness of thin-film applications.  

A s  f a r  a s  the  surface topology is  concerned,, one desires a surface which i s  

smooth, f l a t ,  and f r e e  of scratches and p i t s  over i t s  e n t i r e  surface. There 

i s  an "edge margin" around the perimeter of the substrate where the  surface 

i s  chipped, scratched, or  p i t t ed  due t o  the cut t ing procedure. Thus, the  

uaa fu i  arc3 of t h e  subscrate i s  within t h i s  margin, and one desires  t h a t  

tne  edge margin be a s  s m a l l  a s  possible. 

and scratch-free surfaca finished t o  not more than 2 microinches i s  sa t i s -  

factlwy. 

s%rate snould be f l a t  t a  0.0005 microinch. 

For m o s t  purposes, a smooth, p i t -  

The edge margin should not exceed 0.050 inch and the  overal l  sub- 

Smoothness i s  extremely important to avoid f a i l u r e  of e l e c t r i c a l  in- 

sx;llation by shorts  o r  f a i l u r e  of r e s i s to r s  by open c i r c u i t s  (discontinuities).  

F h t n e s s  i s  necessary so  t h a t  the mask-to-substrate distance will be constant 

and not  too large.  

d i f fuse  under the mask, often shorting closely spaced conductors, such a s  the  

source-drain electrodes i n  the TFT. The edge margin must be known so t h a t  

the  c i r c u i t  can be l a i d  out on the smooth, f l a t  area within the  margin. 

Large mask-to-substrate distance allows film material  t o  
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4.1.2 Compatibility i 
By compatibility of the substrate with f i lm materials we mean that :  

(1) the various films must adhere w e l l  to  the substrate, ( 2 )  the expansion 

coefficient of the substrate closely resembles the mean of the expansivities 

of the film materials, and (3) the substrates contain no impurities o r  

constituents which might react  undesirably with f i lm materials a t  normal. 

working temperatures. In general, the adherence between films and most 

substrates currently i n  use is good, and no problem is  foreseen in  this 

area. The matching of  expansivities between f i lm and a single substrate 

is  not possible f o r  aU. thin-film materials, but substrates a re  available 

i n  a var ie ty  of expansivities and the choice of substrate can be governed 

by the expansivity of the film t o  be evaporated on it. 

Spectrographic analysis, l i s t i n g  the impurities and constituents of 

various substrates, i s  given i n  table I, 

&from which we might expect reactions with, f o r  example, metal films, is 

principal ly  sodium. 

vxryhg qumtitim. 

h.om Kie chemicall-reac",vity standpoint, 

The chemically active constituent 

Sodium is  present in all substrates stzxdied, but i n  

The iow-alkali-contesnt substrates should be be t t e r  

4.1.3 Fbuis%ivi t y  

The swfaca r e s i s t i v i ty ,  i n  general, l e s s  than the volume reslstivlty, 

i s  of prrincipal impoptanr:e. Originally, it was thought t ha t  the ac surface 

resist.ivitiy would be a major problem a t  high frequency i n  t ha t  a low surface 

r e s i s t i v i t y  would, i n  effect., shunt the e l e c t r i c a l  components deposited on 

i t s  surface. 

megacycles was found t o  be of the same order of magnikude f o r  a l l  substrates  

However, the effective ac surface resistivity measured a t  220 
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Table I 

SPECTRO0RAF”IC ANALYSIS 

Substrate Alumi- Mi- Calci- Magnesi- S i l i -  
um Boron um b a d  um con Sodium Zinc 

corning 0211 
(20 m i l )  .. M X M W X FT vs N M 

corning 0211 
( 5  mil) M x M W x FT VS N M 

Corning 1723 M M M N X N vs M X 

Corning 7059 N N M W X FT vs W X 

C o n h g  7740 M X M W X FT vs N X 

corning 7900 w X M M X W vs M X 

com.irlq 79:#3 w X FJ! W X FT vs M X 

AlsiMag 6?& VS x M M M M VS M X 

No% x Co3ncentraticm (%) 

FT 0.001-0 . 005 
w 0.01-0.5 

M 6.5-4.0 

N 4.0-5.0 

VS Major eomponen-b 

X Searched, but not detected. 



i 
studied, so it is  r ea l ly  not a deciding factor i n  the choice of substrate,  

Figure 17 is the  substrate test pattarn fo r  evaluating the effect ive ac 

surface r e s i s t i v i t y  of 0.0005 squares a t  high frequencies. This IS a 

functional design f o r  reducing inductance and lead length. The effect ive 

reactance of the configuration was found t o  be capacitive with an average 

capacitance of 0.9pf f o r  high alumina substrates and O.spf f o r  glass sub- 

s t r a t e s  , 
t 

The measurement of the high-frequency character is t ics  was made with a 

Boonton Radio C o n ,  Qrmeter, Model 160-~, u a h g  the para l le l  ..3neamrment 

technique, For t h i s  method, one can calculate the effect ive p a r a l l e l  

resistance, R *om I P' 

the effect ive pa ra l l e l  reactance, X , fram P 
1 
1. X P L.I(c2'"1) 

and the effect ive parallel, I=apaei%ance, fi.m 
"P' 

= c -c cp 1 2' 

The factors,, Q1 and C1, are the Q and capacitance o f t h e  reference inductor 

WithouC, the substrate connected t o  the measuring terminals; Q, and C2 are 

the Q md capacitance of the reference inductor and substrate connected i n  

parallel. 

0 
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Figure 17. Substrate Surface Resistance Test Configuration for Measurements 
at High Frequencies 
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The factor,  f ,  i s  the measuring frequency of the  Q-meter osc i l la tor .  

Note that,  i f  the sign of (C -C ) i s  negative (posit ive),  the reactance 2 1  
i s  capacitive (inductive). Note a l so  , that ,  due t o  the f a c t  t h a t  the ef- 

f ec t ive  p a r a l l e l  res is tance i s  proportional t o  the products of t he  two Q 

values divided by the difference i n  Q values, a large e r ror  i s  introduced 

when equation 5 i s  used t o  chlculate the effect ive surface resistance. 

Estimates of t h i s  error a re  of  the  order of 25%. 

Ftgures 18 and 19 a re  curve8 of the effect ive se r i e s  resist ivity versus 

frequency for  glass  and basical ly  alumina substrates  respectively. 

substrates  appear t o  be s l i g h t l y  higher i n  surface r e s i s t i v i t y  than the 

high-alumina substrates. 

Glass 

A minature oven f o r  measurements o f  the e l e c t r i c a l  properties of sub- 

s t r a t e s  a t  high frequencies and 100°C i s  shown i n  f igure  20. 

designed t o  keep lead length short  t o  reduce s t r ay  inductance and lead l o s s .  

The r e su l t s  of measurements of effective surface r e s i s t i v i t y  on Corning 

code 0 2 i i  glass  a t  room temperature and 100°C a r e  shown i n  Figure 21, 

t h a t  ,there i s  very 1 i t t ; e  e f f ec t  OL the properties of the substrate on 

temperature i n  t h i s  range. 

s t ra ight- l ine dependence of *,he r e s i s t i v i t y  on frequency a re  i n  the same 

direct ion fo r  each frequency, even though the measurements a t  100" and 32°C 

were made a t  sepsrrate times. The consistency i n  the e r ror  a t  each frequency 

suggests systematic error  i n  the apparatus, which i s  amplified through the  

appl icat ion of q u a t i o n  5. A t@best" f i t  of the data by the s t r a igh t  l i n e s  

shown i n  figure 2 1  has the 3 2 O  l i ne  s l igh t ly  above the  100°C l ine ,  which 

i s  t o  be expected, and i s  obvious since, i n  each case (with the  exception 

The oven is  

R 

Note 

Note also tha t  deviatfom from the presumed 
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R Figure 21. Frequency Dependence of Surface Resistivity of Corning 
0211 Substrates at Two Temperatures 
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of  one), the value of the resistance a t  32OC was higher t h a t  t ha t  a t  lW°C, 

Due t o  the large e r ror  in calculation of the effect ive surface reL 

sistance of these substrates and the closeness of the effect ive r ts is tance 

o f  a l l  substrates, the surface r e s i s t i v i t y  will probably not be the deciding 

fac tor  in choosing the ”best substrate.” Direct-current measurements of the 

surface r e s i s t i v i t y  will be t r i e d  next quarter i n  an e f f o r t  t o  judge the 

re la t ive  worth of these substrates,  

For certain applications, low-volume r e s i s t i v i t y  substrates, suitably 

passivated by an insulating film, night be useful. In general, however, 

I 
t 
r 
I 
I 
I 
I 
I 
I 
1 

high-volume r e s i s t i v i t y  substrates are more desirable t o  avoid s t r a y  capaci- 

tance and inductance, and such should be a c r i te r ion  for choosing a suitable 

substrate. 

4.l.h Dielectric Constant 

It is  desirable t o  have the d ie lec t r ic  constant of a substrate as  

iow as possible t o  help fur ther  reduce s t ray  c i r c u i t  capacitance. 

4.1.5 Thermal Conductivity 

Good thermal conductivity is  necessary f o r  thermal shock resistance, 

the aiss ipat ion of c i r cu i t  heat, and the rapid attainment of thermal equi- 

... ib~?Pm. Often, processing of thin films requires rapid heating or cooling 

ai t k ~ 6  substrates,  

50 ihennal shock o r  thermal gradients by shattering. 

Substrates with low thermal conductiviw tend t o  react  

The rapid dissipation 

01‘ c i r c u i t  o r  external neat to a t ta in  thermal equilibrium allows the c i r cu i t  

t o  stabil ize more rapidly. Resistors operated a t  high power w i l l  necessarily 

heat up, and this heat must a l so  be dissipated o r  damage can r e su l t  t o  the 

r e s i s t o r  o r  adjacent circuitry.  
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Hyg;roscopicitg 

Durlng the various clearing procedures, substrates cme in frequent 

contact with aqueous solutions, As a standard procedure t o  remove adsorbed 

moisture and gases, the substrates are outgassed i n  vacuo immediately p r io r  

t o  the c i r c u i t  evaporation, The degree t o  which the substrates are  r i d  of 

the moisture and gases is proportional to the temperature and time of out.. 

gassing, and invereely proportional t o  the mount of  gas or moisture ad.. 

sorbed. A substrate which i s  plorous o r  hygroscopic w l 1 1  adsorb larger  

amounts of water and willrequiremore outgassing and, consequently, increase 

the time and cost  of c i r cu i t  fabrication, 

temperature a t  a minimum, and avoid moisture damage t o  c i rcu i t ry  subsequent 

t o  fabrication, substrates should be chosen which are  not hygroacopio, 

4.1.7 Thermal $tabill* 

-- 

To keep outgassing time and 

The substrate must re ta in  i t s  phylsical, chemical, and mechanical 

properties over the wide temperature ranges of thin-film processing, Me- 

chanical durabi l i ty  can be achieved if the s t r a in  point, annealing point, 

and softening point of the glasses are not exceeded i n  the processing of 

th in  filma. 

fluence on the mechanical durabi l i ty  also, We, of course, require t h a t  the 

e l e c t r i c a l  properties stay f a i r l y  constant with temperature so t ha t  the 

monitored components ( res i s tors )  are not affected by changes i n  the e lec t r i -  

c a l  propepties of substrates with temperature. We are  a l s o  concerned about 

the possible release of chemically active elements, such as sodium, from 

the glass structure which would tend t o  react  with films o r  otherwise 

e f f e c t  the substrate-surface properties, 

As indicated above, thermal conductivity has considerable in- 
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4.2 General Considerations 

There are numt5~ous other factors  which come into consideration such as 

cost, avai labi l i ty ,  reproducibil i ty of properties, etc. 

c i r cu i t s  a f t e r  formation requires that  the substrates be eas i ly  cut, 

s t r a t e  with low softening point seem t o  make welding leads to metal film 

eas ie r  and more reliable.  Substrates should re ta in  the i r  properties under 

radiation, For some purpose8, transparent substrates are more U 8 0 f i l  than 

opaque substrates, and vice versa. Thus, there a m  many considerations in 

choosing a substrate, and one universal substrate w i l l  probably never be 

found which w i l l  be canpletely sat isfactory for  a l l  purposes. 

4.3 Cumulative Data 

Sectioning of 

A sub- 

Some of the properties of considerable importance f o r  vslrions substrates 

are l i s ted  i n  table I f .  

by the manufacturers. 

using an Ames Co. dia la tmeter ,  which can measure variation8 t o  0,0001inuh. 

The values are the maximum variations in thickness since the dialatometer 

reads the distance from the back of t.he subst.rate t o  the f ront  surface of 

Tie smoothness values given here are those quoted 

The values l i s t e d  f o r  the f la tness  were measured 

the substrate,  

be added on t o  the variations across one surface. 

f la tness  is leas than the figures given in table  11. 

If' the two surfaces are  not paral le l ,  this discrepancy w i l l  

Thus, we can say the 

The ac r e s i s t i v i t y  

was measured as described above. 

the -lines representing '%est fitP to 300 megacycles. 

softening points are  those values quoted by the manufacturers. 

The values given are  extrapolations of 

The expansivities and 
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4.4 Conclusions 

Sone tentat ive conclusions can be noted a t  this time, 

(1) 

They are: 

Dram glasses, i n  which group Corning 02ll and 7059 are  c lassi f ied,  

are smoother and cost  less than those which require grinding and polishing, 

Nondrawn glasses require an extra process of cut t ing and polishing, and hence 

cost more. 

(2)  Wound glasses seem t o  be f l a t t e r ,  however, t h i s  fac tor  of approxi- 

mately two increases i n  f la tness  does not  delete  the disadvantage i n  lack 

of  smoothness, 

(3) Code 7059 has a higher effective ac surface r e s i s t i v i t y  and lower 

a l k a l i  content, and is p r e f e m d  f o r  this reason over Code 0211 glass. 

(4) For some experimental purposes, the use of  code 0211 glass may be 

warranted since i t s  cost  is  considerably less than code 7059, 

( 5 )  The best high-alumina substrate found t o  date is Smooth-Strate. (R) 

It has the bes t  surface topology and i s  advertised as being a l k a l i  free. 

(6) AlSiMag 614 was found t o  be t o t a l l y  unacceptable f o r  our purposes 

beca-uua of both high a l k u  content and poor surface topology, 
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5. DIELEXTRIC INVESTIGATION 

The physical geometry of a capacitor has considerable effect on its 

electrical properties at high frequencies. 

length of "strip" transmission line with infinite load impedance. 

A capacitor is actually a short 

T h i s  can 

be seen from the definition of a general transmission line, which is any 

system of separate current-carrying conductors having a potential between 

them. The distributed parameters of any transmission line can be represented 

by the lumped constants r (resistance), c (capacitance), 1 (inductance), and 

g (conductance) per unit length. These constants are shown in figure 22, 

The rate of change of voltage dth mapect to distance dc?m the  line is fmrd 

experimentally to be equal to the current times a constant, z, equal to the 

impedance per unit. length. 

dV - = ox. 
dX 

It is, lik:ewfse, noted that. 

( 9  

where y 5~ oaZed she admittance per unit length. 

It can be shewn that 

'I. = F+jWP (m 
m d  

y = !g;i-jWC. (12 

The quantity Je/y becomes important in transmission-line calculations and is 
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given the name characteristic impedance, Z 
0 

zo 
Substituting equations 11 and 12 into equation 13 and considering only high 

frequencies 

z o =  E a (4) 

Another quantity of considerable importance is the propagation 

constant, defined 

where substitution at high frequencies gives 

One can show 24 the velocity of phase propagation 

(17 1 V I - -  0 

P w 
where le (henry5 farads m-*) 

are the relative dlsiectric constants and dielectric permeabilities of the 

insuhator between the conductors. 

O.ll3xlO‘l6, (d) w,(d)n and e,(d> and p,(d) 
P 

The wavelength, X in the line of a wave 
g9 

whose wavelength in air is is given as . .  
v 

‘kg  “ X  - 
co 

wrxre S 

Thus, from equat,Pons 17 and 18, 

is the velocity of light in air, 
E: 

Choosing practical values for these constants, for a 300-megacycle 

wave, 
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and, thus, 

xg - 47.3 centimeters 

f o r  the wavelength of a 30Q.m~ wave i n  the transmission l ine ,  

Now, f o r  an open-circuited transmission l i n e  whose length is less 

than a 1 8 ,  the  transmission l i n e  behaves as a capacitor. 

length i s  greater than X /I.+, it behaves as an inductorOL3 

c i t o r  must be less than 

If the l in t s  
0~ 

Thus, the capa- 
g 

$ 12 centimeters 

t o  behave like a capacitor a t  300 megacycles, 

requirement on capacitor geometry for thin-film circui t ry .  Thus, a t  l e a s t  

theoretically,  there appears t o  be no problem i n  having a capacitor r e t a in  

i t s  capacitive character is t ics  a t  300 megacycles. 

This i s  not  a s t r ingent  
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6. INDUCTORS 

6.1 Inductance 

Flat ,  spiraling, square co i l s  provide the highest area efficiency and 

lowest i n t e rco i l  capacitance, with t h e  simplest masking technique. 

empirical formula developed by Bryan 

The 
26 f o r  printed c i r cu i t s  i s  

L = .a1 an5I3 log e 
C 

where3 n .I number of turns 

a = A + (inches) L 
C; I - A - B  (inches). 

4 

A i s  the overall  outside square length and B i s  the inside square length of 

a corresponding side of the inner area (where the c o i l  has not been depos- 

i t ed) .  The a/c r a t i o  can be selected f o r  maximum Q or  maximum L or, as  i s  

usual1.g the case, same cmpromiae value. 

The inductance can be increased by enclosing the c o i l  with a Ngh- 

resiszance ferri te or an insulated iron deposition. 

the indce+,a-,cs by 8 fas+,or acpal t o  the magnetic permeability of the material. 

I n  practice, the increase i n  inductance i s  not as large as  expected from the 

theory bemuse the  coupling i n  a f la t  c o i l  i s  very ineff ic ient ,  and the  high 

bulk permeability value of i ron  or f e r r i t e  has not yet been realized i n  thin- 

film form. 

able t o  s h p l y  increasing the  area because a f l a t  c o i l  without any closs- 

coupling magnetic material radiates  much more electromagnetic wave energy 

than the standard inductor with i t s  greater mutual coupling. Thus, t he  

larger the f l a t - co i l  area, the greater the circuit-shielding problem. 

This technique increases 

However, these methods of increasing inductance would be prefer- 
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6.2 Self-resonance 

Self-resonance i s  the e f fec t  wh n the il, without any external cap- 

acitance, resonates with i t s  own capacitance between conductors, with e i the r  

a r i  o r  the substrate f o r  a dielectr ic .  

self-resonant frequency (fo) of these c o i l s  i s  27 

The theoret ical  calculation fo r  the 

where; c = velocity of l i g h t  i n  free space 

-€ = c o i l  length 

c - substrate d ie lec t r ic  constant; r 

This formula considers the- c o i l  as a quarter wavelength shorted transmission 

’Line. Also, the coil ,  being flat, is considered a current sheet which 

a f f ec t s  the current concentration. 

The equivalent c o i l  capacitance ( c )  can then be calculated using the 

tank c i r c u i t  resonance equation 

The natural resonant frequency of a c o i l  must be much greater  than 

the desired c i r c u i t  frequency used i f  high Qs are t o  be achieved. 

The conductor resistance of the coil i s  the major l imitat ion on Q. 

The inductor, Q, equation i s  

mfL 
Q m -  

%il 

f = frequency (cycles per second) 

B Coil X’08i8taJlCe (Ohms) 

L = inductance (henries). 

67 



I 

That i s  t o  say that  Q is equal t o  the r a t i o  of the ac impedance of the  

inductor divided by the resistance. 

the dc resistance, but changes (increases) a t  high frequencies because of a 

phenomenon called the skin effect ,  

This resistance at low frequencies is 

The skin e f f ec t  i s  due t o  the f a c t  that, 

as  the frequency increases, the current i n  the conductor becomes more and 

more concentrated i n  the outer edges so that, for example, a t  very high fre- 

quencies, a so l id  c i rcu lar  conductor could be replaced by a hollow cylinder 

as long as the cylinder w a l l s  were as thick as the skin depth a t  t ha t  fre- 
28 que nc y . 

d = skin depth (meters) 

f = frequency (cycles per second) 

ir, = ' permeability (henry per meter) 

Q = .conductivity (mho per meter) 

The skin depth (d) Os the depth a t  which the e l e c t r i c  f ield,  magnetic f ie ld ,  

and  current density are a l l  equal t o  l /e of t h e i r  respective values a t  tb 

conductor surface. 

6.4 Deposition Techniques 

T h r e e 4 1  molybdermm masks were used t o  form inductors i n  two steps, 

The first mask formed horisontal conductors and t h e  second mask formed the 

intarconnecthg ve r t i ca l  conductors to  camplete a flat, spiraling, square 

coil. 

The first deposition was 500 angstroms of chromium for  adherence t o  the  

mbstrate and then copper was deposited over the chromium f o r  low resistivity. 
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'ine copper thickness was approximately 26,000 angstroms. 

6.5 Deposited Inductors 

The character is t ics  of the inductors, theoret ical  and actual, are given 

in t ab l e  111. 

Q meter. 

The actual  values were obtained using the Boonton, 19CvA, 

Two types of substrates were used, Corning 0211 a l k a l i  zinc borosil icate 

glass  and Englehard quartz. 

6.5.1 Inductance Values 

The empirical formula developed by Bryan26 fo r  pr inted c i r cu i t s  

resulted i n  excei ientpredict ions on three of the f ive inductors. 

two cer ta inly could be considered Uball-parkn values. 

obtained values seem t o  be very repeatable, if necessary, another empirical. 

formula could be developed f o r  a par t icular  type of inductor. 

6.5.2 Self-resonant Values 

The other  

Since the actual ly  

The discrepency between the calculated values of inductor self-resonant 

frequsncy an& the actual  value were n o t  unexpected. 

ference is due +L the f ac t  t h a t  the  calculation involves using the veloci ty  

o f  l i gh t  i n  free space. In actuality, the e l e c t r i c  f i e l d  t rav les  slower i n  

a conductive medium such as copper. The r a t io s  of fo actual  t o  fo theoret- 

i c a l  yield values ranging from 0052 t o  0.75. 

value o f  this %loci ty  factor" f o r  shielded cable i s  0.66. 

The reason f o r  t h i s  dif- 

As a comparison, the typical  

The d ie lea t r ic  constant of the glass and quartz d i f f e r s  with the r e su l t  

t ha t  the lower d i e l ec t r i c  constant of quar t z  should give a higher self-  

resonant frequency. The  actual  differences in these values are  well within 

the experimental e r ror  of the measurements and, therefore, there seems to be 
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Table I11 

INJJJC'OR VALIJES 

Conductor Outer Inne r 
w i d t h  Space diameter cilnme ter 

-__I Substrate (mils) (mils) (inches) ( inches)  

10 10 0.4 0 

25 25  0.8 0 

35 15 0.8 0 

15 35 0.8 0 

10 10 0.6 0 

Theoret ical  Actual Q fo actual 
Lbh) f,(mc) Lhh) fob> (30 mc) 'f theoretical 

0 

0 . 498 

0,487 

0.555 
0.602 

0.527 

0.569 

0.615 

0.664 

1.47 

1.56 

86 

86.0 

77.7 

74.7 

79 

76.9 

75.2 

71.7 

L9.8 

48.2 

11.3 

0 

4. 9 

n.5 
8 

E2 

5 

9.2 

5 

6.4 

- 
A = Corning 0211 glass substrate. 

B Englehard quartz substrate. 
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